The experimental determination of the electronic energy levels for Ce 3+ in some chloro-elpasolite hosts for both the ground 4f 1 and the excited 5d 1 configurations are described. High resolution f -f absorption and f -2 T 2g d absorption and emission spectra have been recorded at low temperatures for Ce 3+ diluted into various hexachloroelpasolite lattices. A fluorescence spectrum at ~ 50,000 cm -1 is tentatively assigned to the emission from the highest 5d crystal field level , 2 E g , of a Ce 3+ impurity in Cs 2 NaErCl 6 , enabling the values of all the energy levels of both the 4f 1 and 5d 1 configurations to be given for 2 Ce 3+ in elpasolite hosts. Vibronic structure superimposed on the electronic transitions is analyzed in terms of a simple configurational coordinate model involving the ground and excited configurations. It is found that the difference in the Ce-Cl bondlength between the 4f 1 and 5d 1 configurations is ~0.04Å. Ab initio model potential calculations on the (CeCl 6 ) 3-cluster embedded in a reliable representation of the Cs 2 NaYCl 6 host support these conclusions.
Introduction
At the beginning of the 4f and the 5f transition series, the f and d electronic configurations of the di-, tri-, and tetravalent free ions are very close in energy. 1, 2 This is also true for these ions in compounds. For example, the lowest energy configuration for the Ce 2+ free ion is [Xe core]4f 2 with the beginning of the opposite parity 4f5d
configuration at 3277 cm -1 . However in a CaF 2 host the ground configuration is [Xe core]4f5d. 3 The Ce 3+ free ion has a 4f 1 ground configuration with the lowest 5d state at 49737 cm -1 . 1 When this ion is placed in a crystal the lowest 4f to 5d electric dipole allowed transition has been reported to be in the range of 20,000 to 40,000 cm -1 depending on the particular compound or matrix investigated. 4 Similarly, for the actinide or 5f series, the lowest 5f -6d transition for the Pa 4+ ion diluted in Cs 2 ZrCl 6 is at 20,000 cm -1 , but the free ion separation between ground 5f level and the first 6d level is ~ 50,000 cm -1 . 5 In the few structurally characterized Th 3+ organometallic compounds the 6d 1 configuration has been found to be the ground configuration, 6, 7 but the ground term is from the 5f configuration and the first 6d level is 10,000 cm -1 higher in the Th 3+ free ion.
The U 3+ ion in the LaCl 3 host has the first 5f 3 to 5f 2 6d 1 transition at approximately 22,000 cm -1 although in the U 3+ /RbY 2 Cl 7 system this transition is found at ~ 14,000 cm -1 . 8 Thus, as the degree of ionization increases and/or the atomic number is increased (for both the lanthanide and the actinide series) the f n configuration becomes increasingly stabilized so that the interconfigurational transitions are not observed in the visible or near ultraviolet region. Only at the beginning of both the lanthanide and actinide series is it possible to observe these two electronic configurations in this energy range.
For the lanthanide series the Ce 3+ ion has been extensively studied and measured levels have been reported for both the ground 4f 1 configuration and the excited 5d 1 configuration. Figure 1 shows schematically the energy levels and nomenclature used for the 4f 1 and 5d 1 configurations of the Ce 3+ ion diluted in choro-elpasolite hosts. The 6 K 4f-5d absorption and magnetic circular dichroism (MCD) spectra of Ce 3+ diluted in Cs 2 NaYCl 6 were reported by Schwartz and Schatz. 9 They located the 5d 2 has also been measured. 10 The 5d-4f luminescence from the 2 T 2g state was recently reported under low resolution at 80 K, with about a 30 µs lifetime . 11 The decay curves for X-ray-and vacuum ultraviolet- material but reliable data could not be obtained.
Infrared and absorption spectra were recorded using a Biorad FTS-60A spectrometer, equipped with DTGS and photomultiplier detectors, and using an Oxford Instruments closed-cycle cryostat with base temperature 10 K. Ultraviolet and emission spectra were also recorded using a D 2 lamp, or 355 nm radiation from a Nd-YAG laser, together with a 0.5 m Acton monochromator equipped with a charge-coupled device. Raman spectra were recorded as described previously. 23 Some experiments were also performed at Hong Kong University, where the Stokes H 2 -shifted harmonics of a Nd-YAG pulsed laser were used to excite polycrystalline Ce/Cs 2 NaYCl 6 and Cs 2 NaErCl 6 (assumed to contain traces of Ce 3+ ) with the equipment described earlier. 24 The spectral resolution was between 2-4 cm -1 . Spectral calibration was performed using various standard lamps and the wavelengths were corrected to vacuum.
Fluorescence spectra obtained at LBNL from the lowest 5d level to the 4f manifolds were obtained using a Xenon lamp as described previously. 25 The sample was cooled to ~ 10 K using an Oxford Instruments model 1204 cryostat. The entrance and exit slits of the Spex 1403 double monochromator were set at 200 µm for a resolution on the order of 1 cm -1 . The spectra were calibrated with a mercury lamp and corrected to vacuum.
Review of parametric theory
The Hamiltonian for the energy levels of an f electron in an octahedral crystal field may be written as , the spin-orbit interaction is larger than the crystal field interaction. The spin-orbit coupling interaction splits the f 1 free ion state into two J levels, J=5/2 and 7/2, and the octahedral crystal field splits the ground J = 5/2 term into a Γ 7u doublet and a Γ 8u quartet, using the double group notation for octahedral symmetry.
Similarly the J = 7/2 term splits into two doublets of Γ 7u and Γ 6u symmetry and one quartet of Γ 8u symmetry. Figure 1 shows the approximate energy level diagram and the nomenclature used.
The above Hamiltonian may also be utilized for the 5d configuration. In this case the sixth order crystal field term 6 0 B is equal to zero and the spin-orbit coupling constant is ζ 5d (r). However, unlike for the 4f configuration, the 5d configuration experiences a crystal field interaction that is considerably larger than the 5d spin-orbit coupling. The octahedral (O h ) crystal field splits the 5d 1 configuration into two levels, a triply orbitallydegenerate T 2g lower state and a doubly orbitally degenerate E g upper state.
When the spin-orbit interaction is included, the T 2g level splits into a quartet Γ 8g lower level and a higher-lying doubly degenerate Γ 7g state. The E g upper state transforms into a quartet Γ 8g state as shown in Figure 1 . The solutions of the above Hamiltonian for a 4f 1 or a 5d 1 electron configuration are well known and will not be repeated. 28 The emission and absorption transitions reported in this paper between the 4f 1 and Cs 2 NaCeCl 6 have been reported and are dominated by magnetic dipole transitions. 31 Although the former is cubic at low temperatures, the latter undergoes a phase transition at 178 K. 10, [32] [33] [34] The infrared absorption spectra were reinvestigated in this study and the derived energy levels are listed in 
Vibrational spectra
The normal vibrations of the Cs 2 NaCeCl 6 crystal are described in the notation of Lentz, with the relationship to the CeCl 6 3-moiety mode vibrations being given in Table   2 . 35 Assignments are included from the Raman and vibronic spectra. The energies of the stretching vibrations are somewhat higher in the Cs 2 NaYCl 6 lattice, with ν 1 , for example, being near 300 cm -1 . Also included in Table 2 The vibrational progression frequencies, averaged over all the first members, are listed for the two strongest progression modes in Table 4 .
The Xe lamp-excited ~10 K emission spectrum of dilute Ce 3+ /Cs 2 NaYCl 6 is shown in Figure 3 . Transitions are observed to the 2 F 5/2 , 2 F 7/2 terminal crystal field levels of Ce 3+ , as marked in Figure 3 , and the derived energies are listed in Table 5 . The lowest energy electronic origin is mostly self-absorbed, as is shown by the superposition of the absorption and 199.8 nm excited emission spectra from the 5d 1 level, both at 10 K The D 2 -lamp and 355 nm excited luminescence spectra of Ce 3+ /Cs 2 NaYCl 6 at 10 K are similar to the 199.8 nm-excited spectrum, except that the highest energy bands are strongly self-absorbed. The 199.8 nm-excited emission spectrum of Ce 3+ doped into Cs 2 LiYCl 6 is generally similar to, but less well-resolved than, the spectrum of Ce 3+ /Cs 2 NaYCl 6 ( Figure 5 ). It is evident that a further, weaker progression occurs in a vibrational mode of 180-193 cm -1 for A = Na, and 237-252 cm -1 for A = Li. This vibration can be envisaged as the contribution from the S 8 (τ 1u ) mode away from the zone center, or alternatively, from the totally symmetric stretch of the third shell, Ce-Na 6 . In all of these totally symmetric breathing modes, the Ce nucleus is stationary. Additional evidence for this latter "sodium" mode comes from the study of the linewidths and relative intensities of consecutive bands in the emission spectra. Considering the emission transition 2 T 2g Γ 8g → 2 F 5/2 Γ 8u , after subtraction of the continuous background, the first few bands can be better fitted by Gaussian rather than Lorentzian profiles (Fig. 7) . This is presumably because some of the fitted bands comprise more than one component. 
where I is the intensity, er, the electric dipole operator, and l and m are the initial and final vibrational states, respectively. 38, 39 If it is further assumed that the electronicvibrational coupling is linear (i.e., the vibrational states in the ground and excited states are equal), and only the lowest vibrational level of the initial state is populated, then
where S H-R is the Huang-Rhys parameter and n is the vibrational quantum number of the terminal state.
The Huang-Rhys parameter can be evaluated from a harmonic progression in a vibrational mode. For the vibration corresponding to the normal coordinate Q i ,
where M is the effective mass and ∆Q i is the difference between the equilibrium distances of the metal ion and the ligand in the ground and excited states for the vibrational mode ν i of angular frequency ω i . 38, 39 A similar method to relate the change in intensity along a vibrational progression to the change along the corresponding vibrational coordinate has been given by Yersin et al. 40 Franck-Condon analyses were performed upon the emission and absorption spectra, after subtraction of the continuous background. 41 The spectra shown in Figure 8 were fit by using the Huang-Rhys formulation for three oscillators, S H-R1 corresponding to the ~ 300 cm -1 ν 1 vibration, S H-R2 corresponding to the ~48 cm -1 assigned to the totally symmetric stretch ν lattice vibration. The third frequency S H-R3 was used to fit the broad background. The line widths were treated as free parameters and the relative intensities of the two electronic transitions involved, 2 T 2g
, were adjusted to give the best fit.
Representative fits for the ~28000 cm -1 emission of Ce 3+ /Cs 2 NaYnCl 6 (from Fig. 3a ) and for the ~48000 cm -1 emission of Ce 3+ /Cs 2 NaErCl 6 (from Fig. 6 ) are shown in Figure 8 .
Franck-Condon analyses using Eqs. 5a and 5b also were performed upon all the emission and absorption spectra, after subtraction of the continuous background 41 assuming that the vibrational frequencies are unchanged in the ground and excited states.
The derived parameters, ∆r and ∆Q are listed in The differences in bond distances found for transitions that are initiated from either the T 2g or the E g orbitals can be rationalized by the differences in bonding in these two 5d
orbitals (see below).
Electric dipole intensities and crystal field calculations
The wavefunctions obtained from diagonalization of the matrices given by Eq. 1 can be used to evaluate Eq. 2. The radial part of Eq. 2 is the same for all transitions so we compare the calculated relative intensities with the measured relative intensities for the emission transitions in Table 6 .
The measured electric dipole intensities from the T 2g Γ 8 state to the 4f levels were obtained by subtracting an empirical background corresponding to the underlying broad background shown in Figure 3 from the spectra and then fitting the vibronic peaks with a Gaussian peak-fitting program. We estimate the accuracy of the experimental intensities obtained in this way to be about 50%. For transitions originating from the lowest level of the 5d 1 configuration, the agreement between the experimental and calculated relative intensities is reasonable.
With the assumption that Figure 6 As expected the crystal field fits shown in Table 5 
Ab initio calculations
In order to complement the data with independent theoretical information, we performed wave function based ab initio calculations on the (CeCl 6 ) 3-cluster embedded in a reliable representation of the Cs 2 NaYCl 6 host. The results are summarized in Table 7 .
These calculations take into account the most important bonding interactions within the (CeCl 6 ) 3-unit, including electron correlation and scalar and spin-orbit coupling relativistic effects, and Cs 2 NaYCl 6 host embedding effects.
The details of the calculations follow. We use the ab initio model potential method, AIMP, as an embedding technique and as an effective core potential method. 20, 21 The embedding potential we use for Cs 2 NaYCl 6 was obtained earlier. 43 The relativistic AIMP we use for Ce was obtained from Seijo 44 51 in an identical manner as described 52 for (PaCl 6 ) 2-, in order to put together the electron correlation effects and the spin-orbit coupling effects in a simplified way.
The calculated bond distances along the breathing mode shown in Table 7 The computed minimum-to-minimum energy differences are very reasonable when compared with experiment; in order to lower the mean average deviation from 260 cm -1 it would probably be necessary to increase the methodological and computational demands to a very large extent. A more detailed analysis of these differences shows that its main contribution comes from a slight excess stabilization of the 4f(a 2u ) molecular orbital, (e.g. the mean average deviation from experiments is 80 cm -1 for the Γ 8u and Γ 6u states, with no 4f(a 2u ) contribution) which indicates that these calculations may be slightly overestimating the effective ligand field.
The calculations on the 5d 1 manifold are perhaps more interesting. The bond distance of the two 2 T 2g states, Γ 8g and Γ 7g , are the same and smaller than the bond distance of the 4f 1 states. The absolute value of the offset, 0.047 Å agrees well with the experimentally deduced value in Table 4 . The fact that it is negative could not have been deduced from the analysis of the emission band shapes, which leads only to absolute values. The prediction of a cluster contraction in the transition from 4f to 5d(t 2g ) was also made in the corresponding case 52 of Pa 4+ ; it has to be the result of a balance between opposite tendencies: to increase bond distance as a consequence of the larger size of the 5(6)d orbital, on the one hand, and to reduce bond distance as a consequence of the larger bond covalency in the 5(6)d 1 states, on the other. An analysis of the detailed reasons leading to this contraction has been presented elsewhere. 53 The bond distance of the 5d 1 2 E g Γ 8g is larger than that of the 2 T 2g states, as usual for the O h ligand field splitting of d states and corresponding to the 5d(e g ) orbital being destabilized with respect to the 5d(t 2g ). The bond distance increases so as to make it larger than the 4f 1 bond distances by 0.017 Å.
The calculated vibrational frequencies are very similar to the 4f 1 ones, only very slightly smaller, and they are again close to the approximate experimental value of 300 cm -1
deduced from absorption and MCD spectra of Ce 3+ /Cs 2 NaYCl 6 . The minimum-tominimum energies from the ground state to the two 2 T 2g states, Γ 8g and Γ 7g , are 2700 cm -1 too low, which is a reasonable result for a theoretically demanding 4f Å 5d transition.
Finally, the energy of the 5d 1 2 E g Γ 8g state is calculated to be 47260 cm -1 . It agrees extremely well with the experimental observation in Ce 3+ /Cs 2 NaErCl 6 , very probably as a consequence of compensation between an underestimation of the 4f Å 5d baricenter and an overestimation of the ligand field, as already observed in the splitting of the 4f 1 manifold. In any case, the ab initio calculation strongly suggests the existence of the 5d 1 2 E g Γ 8g state of the (CeCl 6 ) 3-unit 46000-48000 cm -1 above the ground state. This independent result supports the assignments of the emission spectrum of Ce 3+ /Cs 2 NaErCl 6 in Fig. 6 .
Discussion and Conclusions
In this paper we have reported the results of detailed spectroscopic investigations of the Ce 3+ ion in chloro-elpasolite hosts. The complete energy level schemes for the 4f 1 and 5d 1 configurations may be inferred from a combination of the fluorescence and absorption data from our work with earlier absorption data. Good fits were obtained for both the 4f and 5d levels using the crystal field model. However, although the calculated emission intensities from the 5d T 2g Γ 8 level were in reasonable agreement with the experimental intensities, the calculated intensities from the 5d E g Γ 8 level were completely off. It is possible that admixtures of charge transfer states into the 5d E g state could be important.
Theoretical calculations are presented which give reasonable agreement with the experimental energy levels and support the assignment of the 47080 cm -1 feature to the 5d 1 E g level. These calculations also show that the change in bond length between the 4f 1 and 5d 1 T 2g configuration is contractive with a value of ~0.04 Å, in excellent agreement with the experimental result (note that only the absolute value is obtained from the experimental results). This short bond for the 5d T 2g state suggests that the covalency of this 5d orbital with its consequent bond length shortening outweighs the lengthening of this bond due to the larger size of the 5d orbital. A detailed analysis for this has been presented elsewhere. 53 By contrast, the experimental measurements from the E g emission spectrum show a slightly smaller bond length change than for the T 2g state. The theoretical calculations predict an increase in this bond length relative to that in the ground 4f configuration, which means a smaller bond length change than that obtained from the experimental analysis.
One factor that can account for some of these discrepancies hinges upon the 
